In the mammalian forebrain, most glutamatergic excitatory synapses occur on small protrusions along dendrites called dendritic spines. During development and in adulthood, changes in dendritic spine number and morphology accompany synapse formation, maintenance and elimination, allowing the establishment and remodeling of connectivity within neuronal circuits. At the cellular level, spine structural plasticity is tightly coordinated with synaptic function and plasticity; for example, spine enlargement parallels long-term potentiation, whereas long-term depression is associated with spine shrinkage 1 . Spines undergo experience-dependent morphological changes in live animals 2 and even subtle changes in dendritic spines may have marked effects on synaptic function and plasticity and patterns of connectivity in neuronal circuits. Notably, disease-specific disruptions in dendritic spine shape, size or number accompany a large number of brain disorders, suggesting that dendritic spines may serve as a common substrate for many neuropsychiatric disorders, particularly those that involve deficits in information processing.
r e v i e w
In the mammalian forebrain, most glutamatergic excitatory synapses occur on small protrusions along dendrites called dendritic spines. During development and in adulthood, changes in dendritic spine number and morphology accompany synapse formation, maintenance and elimination, allowing the establishment and remodeling of connectivity within neuronal circuits. At the cellular level, spine structural plasticity is tightly coordinated with synaptic function and plasticity; for example, spine enlargement parallels long-term potentiation, whereas long-term depression is associated with spine shrinkage 1 . Spines undergo experience-dependent morphological changes in live animals 2 and even subtle changes in dendritic spines may have marked effects on synaptic function and plasticity and patterns of connectivity in neuronal circuits. Notably, disease-specific disruptions in dendritic spine shape, size or number accompany a large number of brain disorders, suggesting that dendritic spines may serve as a common substrate for many neuropsychiatric disorders, particularly those that involve deficits in information processing.
Here we explore the idea that clinical findings should guide basic science's approach to the relationship between dendritic spines and neurological disease. We use autism spectrum disorders (ASDs), schizophrenia and Alzheimer's disease as example disorders, each of which can be characterized by severe information-processing deficits with impairments in neuronal connectivity and plasticity. We review recent postmortem neuropathological studies that reveal the pathological alterations in neuronal structure in the brains of affected individuals, genetic studies that address etiology, and animal and cellular studies that investigate the underlying neurobiological mechanisms.
We discuss the strengths and weaknesses of both clinical and basic scientific evidence for the role of dendritic spine dysmorphogenesis in these disorders and suggest that future animal models, molecular mechanisms and genetic screens should be integrated with clinical and pathological findings in humans. This general approach will allow future research to determine the biological role of spine alterations in the pathophysiology of diseases, to model each of the diseases more accurately and to hasten the development of therapies that can target the biological processes and molecular mechanisms at work.
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VOLUME 14 | NUMBER 3 | MARCH 2011 nature neuroscience r e v i e w people worldwide (http://www.alz.co.uk/research/worldreport/), with Alzheimer's disease representing the most common form of dementia. Although amyloid plaques, neurofibrillary tangles and cell death remain defining characteristics of Alzheimer's disease, findings from neuropathological and molecular studies provide strong support for synapse degeneration as having a central role in Alzheimer's disease pathology 7 . Together, these disorders span the entire human life and comprise symptoms that have altered cognition in common, but with distinctions in socio-linguistic (ASD), perceptive (schizophrenia) and memory-related (Alzheimer's disease) behaviors.
Although dendritic spine alterations in other neurodevelopmental disorders, such as mental retardation, have been known for some time 9 , neuropathological data for spine dysmorphogenesis in ASD have only recently been provided 4 . This recent evidence from Golgiimpregnated post-mortem ASD human brain tissue revealed an increase in spine density on apical dendrites of pyramidal neurons from cortical layer 2 in frontal, temporal and parietal lobes and layer 5 only in the temporal lobe 4 . Spine density was inversely correlated with cognitive function. Such findings are consistent with an emerging hypothesis that the brains of individuals with ASD are characterized by hyperconnectivity in local circuits and hypoconnectivity between brain regions 10 . Further evidence of spine pathology is observed in tissue from individuals with diseases comorbid with autism. Similar to 'pure' autism, the fragile X brain is characterized by elevated spine density, which is thought to result from pruning deficits, with elongated, tortuous spine morphologies 11 , indicative of altered function. Together, these findings underscore the profound spine pathology exhibited by ASDs and comorbid disorders. It is possible that spine dysmorphology contributes to abnormalities in specific circuits, which in turn may underlie the socio-cognitive impairments characteristic of these disorders.
Neuropathological lines of evidence supporting synaptic pathology for schizophrenia and Alzheimer's disease are far better characterized than for ASD. One of the defining neuropathological features of schizophrenia is gray matter loss, which is accelerated during periadolescence 12 . Several postmortem studies have examined spine density changes in brain regions showing the greatest indices of gray matter loss in schizophrenia and these results support the view that spine density changes directly contribute to gray matter loss in the disease 3 . The dorsolateral prefrontal cortex (DLPFC) shows severe dysfunction in schizophrenia, as affected individuals show reduced activity of this region during cognitive tasks 13 . Indeed, spine loss in the DLPFC has been reported, particularly in layer 3 neurons 5 . A reduction in superior temporal gyrus gray matter volume is one of the most consistently reported alterations in the schizophrenia brain 14 . At the cellular level, individuals with schizophrenia show a profound reduction in spine density on pyramidal neurons in the superior temporal gyrus, particularly in the primary auditory cortex 15 . Several studies have shown reductions in hippocampal volume and reduced spine density on subicular and CA3 dendrites in schizophrenia 16, 17 . Collectively, these studies reveal strong associations between brain region-specific loss of gray matter, reduced spine density and functional hypoactivity in schizophrenia.
Unlike ASD and schizophrenia, Alzheimer's disease research has benefited from over a century of neuropathological investigation. Studies analyzing postmortem tissue samples from patients diagnosed with Alzheimer's disease consistently report prominent synapse loss 7, 18 . Dendritic spine loss is observed in the hippocampus and throughout the cortex, the principal areas affected by Alzheimer's disease-related pathology 18, 19 . Dystrophic neurites are also associated with amyloid plaques in the brains of individuals with Alzheimer's disease 19, 20 . Notably, synapse and dendrite loss demonstrate a stronger correlation to cognitive decline than do neurofibrillary tangles or neuronal loss 18 . Detailed analysis of postmortem tissue has revealed synapse loss in mild cognitive impairment (MCI), but an even greater loss in Alzheimer's disease, indicating that synapse loss occurs early in the progression of Alzheimer's disease and worsens as the disease advances 21 . Furthermore, synapse loss often appears greater than what would be expected from neuronal death, underscoring synaptic dysgenesis as a prominent pathology of Alzheimer's disease, rather than a byproduct, and a driving factor in cognitive decline 19 . That synapse deterioration begins early in Alzheimer's disease highlights the need to develop better diagnostics and more thoroughly investigate the neurological changes that take place during prodromal stages of the disease, which is likely the most opportune time for intervention. The brain may possess an innate ability to forestall Alzheimer's disease insults, as some studies note compensatory synaptic changes in Alzheimer's disease, such as increased size in remaining spines 22 . Further research into these mechanisms is required as they may signify modifiable pathways capable of combating disease progression.
Layer-specific loss of spines in schizophrenia and ASD has intriguing implications for understanding disease etiology. Notably, in schizophrenia, loss of spines occurs in layer 3 of the DLPFC 5 , but not in layers 5 and 6 (ref. 23) . This is interesting considering that layer 3 neurons undergo more substantial synaptic pruning during adolescence than layer 5/6 neurons in primates 24 . Although postmortem studies cannot identify the root cause of spine loss, it is likely that spine formation and stability are reduced or spine pruning is accelerated in schizophrenia (Fig. 1) . Similarly, in ASD the increase in spine density found in layer 2 of the frontal and parietal lobe, which was not evident in layer 5, could indicate lamina-specific disruptions in synaptic formation and/or pruning.
In summary, neuropathological evidence points toward synapse and dendritic spine loss in schizophrenia and Alzheimer's disease, whereas ASDs seem characterized by increased spine numbers. Several caveats must accompany studies of postmortem human tissue, such as postmortem interval, symptomatic heterogeneity and patient medical history. As these neuropathological studies are performed in an advanced stage of the disease, they reflect an endpoint of the disease process Figure 1 Putative lifetime trajectory of dendritic spine number in the in a normal subject (black), in ASD (pink), in schizophrenia (SZ, green) and in Alzheimer's disease (AD) (blue). Bars across the top indicate the period of emergence of symptoms and diagnosis. In normal subjects, spine numbers increase before and after birth; spines are selectively eliminated during childhood and adolescence to adult levels. In ASD, exaggerated spine formation or incomplete pruning may occur in childhood leading to increased spine numbers. In schizophrenia, exaggerated spine pruning during late childhood or adolescence may lead to the emergence of symptoms during these periods. In Alzheimer's disease, spines are rapidly lost in late adulthood, suggesting perturbed spine maintenance mechanisms that may underlie cognitive decline.
r e v i e w and do not distinguish between cause, consequence, compensation or confound. However, they are the best and sometimes only source of information about cellular alterations in the actual patient brain and, taken with the above caveats, should be considered a reference for neurobiological studies. Any technological advance that could improve in vivo characterization of substructures in humans will greatly aid the effort to understand fully the effects of each disease on synapse structure and connectivity in the affected brain.
Genetics and molecular mechanisms
The genetics of ASD, schizophrenia and Alzheimer's disease have substantially driven our understanding of the etiology of each disorder. Although these diseases have varying degrees of heritability and a complex genetic architecture, genetic studies have guided research toward the molecular pathways that are relevant for pathology. Genome-wide association studies (GWASs), candidate gene resequencing, copy number variant (CNV) and single-nucleotide polymorphism (SNP) analyses have identified a multitude of common and rare variants that associate to varying degrees with these disorders. Many of these genes have defined roles in synapse regulation 25 ( Table 1) .
It is becoming clear that disorders such as ASD and schizophrenia could be best described by a 'common disease, many rare mutations' model 25 , with mutations being individually rare or even 'private' (only accounting for a minority of cases), but highly penetrant. This model highlights the importance of determining the signaling pathways in which disease risk genes function, with the aim of identifying new candidate genes for deep sequencing and new therapeutic targets by identifying more druggable proteins in the pathway.
Although disease candidate genes may reveal causal factors, molecules with altered expression in synapses of diseased brains or that functionally interact with established risk genes could be yet unidentified etiological factors in need of genetic confirmation. They might also be modulators of genetic susceptibility or mediators of the brain's adaptive response to the original insults. As such, recent studies have begun to examine the expression of disease genes in postmortem tissue and the molecular interactions of disease molecules with spine regulators.
The high degree of heritability of ASDs has sparked a great deal of genetic research over the last decade (reviewed in ref. 26) . Notably, multiple reports have identified rare mutations and CNVs in genes encoding synaptic proteins in autistic individuals, supporting the r e v i e w hypothesis that synaptic dysfunction may be important in the etiology of ASDs 8 . Although each of these mutations may not account for a large percentage of cases, consistent with a 'common disease, many rare alleles' model 25 , they provide valuable insight into the molecular pathways underlying pathogenesis (Fig. 2) . Several molecular and genetic themes in ASD synaptic pathology are emerging that include small GTPase and adhesion-related signaling pathways 8, 27 . Rare variants in the genes for synaptic cell adhesion proteins neuroligin 3 and 4 (NLGN3, NLGN4) and their presynaptic ligand neurexin1 (NRXN1) have been genetically linked with autism 28 . Point mutants in NLGN3 and NLGN4, a truncation of NLGN4, and a promoter mutation in NLGN4 have been identified. Data gleaned from cell biological studies have shown that NLGN3 or NLGN4 increase excitatory synapse number in hippocampal neurons and the NLGN3 Arg451Cys variant prevents this induction of synapse formation 29 , whereas α-neurexin loss reduces dendrite length and total spine number in cortex 30 . Members of the Shank family of postsynaptic scaffolding proteins have also been linked with ASD susceptibility. Autism-associated mutations in SHANK3 (ref. 31 ) include a variety of frameshift, truncation and missense mutations, and more recently, de novo CNVs and inherited point mutation have been identified in the SHANK2 gene in patients with ASD and mental retardation 32 . Shank3 controls spine maintenance in forebrain 33 , whereas Shank2 has been implicated in activity-dependent spine remodeling 34 . Finally, rare structural variants of RAPGEF4, encoding the synaptically localized Rap guanine nucleotide exchange factor (GEF) Epac2, have been identified in autistic individuals 35 . Epac2 missense mutations increase dendritic spine number (Epac2-T809S) and area (Epac2-V646F) 36 . Notably, NLGN3 also complexes with Epac2 and enhances its signaling activity 36 and Shank3 may complex with and signal downstream of NLGNs 37 . Thus, NLGN3, NRXN1, Epac2 and the Shank proteins constitute members of a synaptic regulatory pathway, disruption of which could confer ASD-like synapse pathology.
In addition to genetic analysis of individuals with ASD, genetic and molecular studies investigating monogenic disorders comorbid with ASDs may also shed light on ASD etiology. Individuals with mutations of tuberous sclerosis proteins 1 and 2 (TSC1, TSC2) or the phosphatase and tensin homolog (PTEN) gene, which causes macroencephaly, are frequently diagnosed with autism 38 and each of these proteins regulates synaptic structure 39, 40 . Their mutation or loss yields deficits in neuronal morphology and connectivity. PTEN deficiency results in dendritic hypertrophy and elevated spine density 41 and TSC1 or TSC2 loss causes enlarged spines 39 . Fragile X syndrome results from transcriptional silencing of the FMR1 gene, which in turn causes an upregulation in global dendritic translation rates that may contribute to the elevated spine density observed in the brains of affected individuals 42 . MeCP2, a transcriptional regulator that is mutated in Rett syndrome, controls the function of excitatory synapses and spine morphology in an activity-dependent manner 43 . Lastly, maternal duplications of chromosome 15q11-q13, a region that encompasses the Angelman syndrome gene UBE3A, are associated with autism 44 . UBE3A encodes an E3 ubiquitin ligase whose maternal deficiency reduces dendritic spine density and length in cerebellar and hippocampal pyramidal neurons 45 , suggesting a potential link between Angelman syndrome, autism and altered synaptic structure. These disorders, which have an autistic phenotype, can be useful in determining relevant molecular mechanisms in ASD pathogenesis. However, as these disorders are pathologically and genetically distinct from 'pure' autism, the relevance of specific molecular mechanisms and cellular alterations to pure autism should be considered with caution.
Over 240 gene variants have been associated with schizophrenia. Of these, a handful of genes have shown consistent associations with schizophrenia, including, but not limited to, NRG1, ERBB4 and DISC1 (Fig. 3) . In addition, rare but highly penetrant CNVs have been found in many genes encoding synaptic proteins 46 .
Polymorphisms in NRG1 are associated with schizophrenia 47 . Neuregulins are trophic factors that exist in both membrane-bound and soluble form. ErbB receptors are postsynaptic receptor tyrosine kinases and are activated on neuregulin binding 47 . ErbB4 is thought to be the predominant receptor for NRG1. Notably, a rare CNV for ERBB4 has been identified in schizophrenia 46 . This mutation is a deletion that would result in a protein lacking most of its intracellular kinase domain, akin to a dominant-negative protein. ErbB4 is expressed in interneurons and, less abundantly, in cortical pyramidal cells and in spines. NRG1 and erbB4 regulate spine structure and function; long-term NRG1 treatment increases pyramidal neuronal 48 . ErbB4 overexpression increases spine density, area and excitatory synaptic transmission 49 . Conversely, erbB4 knockdown reduces spine density and size in a cell-autonomous fashion 49 .
The 22q11.2 microdeletion syndrome is the most common CNV associated with schizophrenia, accounting for 1-2% of cases 50 . Primary hippocampal neurons from mice engineered to carry the 1.3-Mb orthologous chromosomal region (Df(16)A +/-) showed reduced spine density and sizes 51 . Loss of either of two genes in this region (ZDHHC8 and DGCR8) was sufficient to impair spine and dendrite morphology 50, 51 . ZDHHC8 is a palmitoyl transferase that palmitoylates the postsynaptic density scaffolding molecule PSD-95; ZDHHC8 loss results in reduced spine density and simpler dendrites and its replacement into Df(16)A +/− neurons rescued spine and dendrite deficiency 51 . Dgcr8 is involved in miRNA processing and its loss results in smaller spines and simpler dendrites 50 .
Postmortem expression studies revealed changes in molecules that regulate spine morphology in schizophrenia subjects. In parallel, neurobiological studies have uncovered interactions of schizophreniaassociated molecules with spine regulators. The initial link of the disrupted in schizophrenia 1 (DISC1) gene to schizophrenia was identified in a Scottish pedigree with a disruption of the DISC1 open reading frame 52 . Polymorphisms and frame shift mutations of DISC1 have been linked to schizophrenia in other lineages 53 . Long-term DISC1 knockdown in cortical neurons reduces spine area 54 . Although DISC1 mRNA levels seem unaffected in individuals with schizophrenia 55 , the expression of DISC1-interacting proteins was reduced in individuals carrying high-risk DISC1 SNPs 55 , suggesting that DISC1 function might be affected in schizophrenia. Disruption of DISC1's ability to scaffold proteins in spines would be expected to have deleterious consequences on spine morphogenesis.
DISC1 is known to interact with several well-established regulators of spine morphogenesis, most prominently the RacGEF kalirin-7 (ref. 54) . Recently, kalirin-7, via activation of its downstream effector Rac1, was found to directly regulate the effects of DISC1 on spine morphology 54 . Notably, the expression of KALRN (kalirin) mRNA was reduced in the DLPFC of individuals with schizophrenia, irrespective of antipsychotic treatment 56 . Loss of kalirin strongly correlates with spine loss in layer 3 prefrontal cortex neurons 56 . Recently, several missense mutations in the KALRN gene were identified in schizophrenia. These mutations occurred in evolutionary conserved gene regions and are predicted to have functional consequences 57 .
Scaffolding proteins function as organizing molecules in spines and provide a structural link between surface receptors, including glutamatergic receptors, and intracellular signaling networks. ErbB4 and DISC1 interact with PSD-95 in spines 54, 58 . Notably, PSD-95 protein levels are reduced in the schizophrenia cortex 59 . A loss of scaffolding proteins in spines could alter glutamatergic receptor signaling, disruption of which is theorized to contribute to the etiology of schizophrenia 60 .
Although genetic findings have substantially directed Alzheimer's disease research, the contributions of specific genes to Alzheimer's disease are complex and incompletely understood. Familial Alzheimer's disease, which has an autosomal dominant form of inheritance and early onset, has been associated with mutations in APP, PSEN1 and PSEN2, three genes that are critical for beta amyloid (Aβ) production 61 . Mutations found in familial Alzheimer's disease are well known to increase Aβ production and cellular studies provide compelling evidence that soluble Aβ oligomers disrupt synaptic signaling (reviewed in ref. 62 ). Furthermore, Aβ oligomers have been clearly shown to target spines, induce spine dysgenesis, and reduce spine density 63, 64 .
The vast majority of Alzheimer's disease cases, however, develop after age 65, referred to as late-onset Alzheimer's disease (LOAD). Although hundreds of genes have been proposed as LOAD risk factors, the gene encoding apolipoprotein E (APOE) is widely accepted as the most important risk factor 65 . Specifically, the ε4 (APOE ε4) allele is associated with greater risk of developing Alzheimer's disease, whereas APOE ε2 is considered to be neuroprotective. Studies with transgenic mice recently revealed that ApoE isoforms differentially influence dendrite and dendritic spine morphology. Mice expressing human APOE ε4 display reduced spine density in the dentate gyrus when compared with wild-type mice and mice expressing human APOE ε3 (ref. 66 ). The authors also found an inverse correlation between APOE ε4 dose and dentate gyrus spine density in human brain. In another study, human APOE ε4 was found to reduce dendritic length and branching in the mouse cortex and hippocampus 67 . It has also been reported that expression of APOE ε2 in a mouse model of Alzheimer's disease can restore spine density to control levels 68 . It is fascinating that the major genetic risk factor for LOAD affects dendrite and spine morphology, but the underlying mechanisms remain unknown and require further investigation.
A recent independent GWAS, in addition to reaffirming APOE as the primary Alzheimer's disease genetic risk factor, identified new LOAD susceptibility genes 65 . One example is the gene encoding for clusterin (CLU), also known as ApoJ, which has many similarities to ApoE, including the ability to bind Aβ. It will be interesting to learn whether clusterin, similar to ApoE, modulates expression of dendrites and dendritic spines. Notably, PICALM, another susceptibility gene identified by GWAS, has been associated with inducing dendritic dystrophy and disrupting vesicle transport when underexpressed in embryonic hippocampal neurons 65 . As new genetic risk factors are identified and manipulated experimentally, it will be important to assess dendrite and dendritic spine phenotypes.
An abundance of genetic data suggests that Aβ is vital for Alzheimer's disease pathogenesis and molecular studies indicate that Aβ acts on synapses to mediate its toxic effects. Individuals with Alzheimer's disease demonstrate altered expression of many synaptic proteins 21 . Presynaptic proteins such as synaptophysin are reduced in individuals with MCI or Alzheimer's disease 7 and several postsynaptic signaling molecules are also affected in Alzheimer's disease. Although the precise mechanisms that cause spine degeneration in Alzheimer's disease remain unclear, recent findings suggest that signaling pathways regulating synaptic plasticity may be crucial (Fig. 4) .
Cofilin and drebrin are actin-binding proteins that exert opposite effects on actin dynamics, but both are affected in Alzheimer's disease. Active cofilin causes actin destabilization and much evidence supports a role for cofilin in neurodegeneration, including Alzheimer's disease 20 . Drebrin, a postsynaptic protein that binds and stabilizes actin in spines, is reduced in the brains of individuals with Alzheimer's disease and in transgenic animal models of the disease 20 .
A critical regulator of actin assembly in spines is p21-activated kinase (PAK), a downstream effector molecule of Rac 69, 70 . In the hippocampus of individuals with Alzheimer's disease and in animal models of Alzheimer's disease, PAK activation is markedly reduced and mislocalized 69 . Furthermore, pharmacological inhibition of PAK in mice was sufficient to cause memory impairment, cofilin pathology and drebrin loss. Notably, mRNA and protein levels of kalirin-7, a key regulator of spine morphogenesis and an upstream activator of PAK in spines, were found to be substantially diminished in the hippocampus of individuals with Alzheimer's disease 71, 72 , suggesting a role for the kalirin-7-Rac1-PAK pathway in Alzheimer's disease-associated spine pathology. r e v i e w Most proteins implicated in Alzheimer's disease pathology experience downregulation in the disease; however, calcineurin overactivation has been reported in individuals with Alzheimer's disease and animal models 73 . Calcineurin (CaN or PP2B) is a calciumsensitive phosphatase involved in synaptic plasticity whose activation leads to synaptic weakening and Alzheimer's disease-related pathology has been shown to increase activation of GSK-3β, a downstream effector molecule of calcineurin 74, 75 . Long-term depression induced by Aβ oligomers in hippocampal CA1 requires calcineurin activity, evidence that aberrant molecular changes in Alzheimer's disease also give rise to functional deficits 74 . Thus, over-activation of a NMDARcalcineurin-GSK-3β pathway may indicate a mechanism by which synapses degenerate in Alzheimer's disease. Notably, Aβ oligomerinduced spine loss and dendritic dystrophies can be prevented by calcineurin inhibition 76 .
Many of the signaling molecules identified as having a potential role in Alzheimer's disease pathogenesis lend support to the emerging hypothesis that, in Alzheimer's disease, Aβ oligomers promote synaptic degeneration by acting on spines to create an imbalance of synaptic plasticity mechanisms 62, 77 (Fig. 4) . Aberrant NMDAR activation can induce calcium signaling perturbations and, indeed, most of the signaling molecules discussed above are known to be downstream of NMDARs. The putative role of NMDARs in mediating Alzheimer's disease pathology gains further support from studies showing that Aβ reduces surface expression of NMDARs and AMPARs 77, 78 and others demonstrate synaptotoxic effects of Aβ can be prevented by NMDAR antagonists 64 . Moreover, in vitro and in vivo models of Alzheimer's disease, Aβ oligomers produce aberrant long-term potentiation expression and impair memory 62 .
Although much progress has been made, precise signaling cascades underlying synapse loss and cognitive decline need to be further elucidated. Determining the molecular processes underlying synapse degeneration in Alzheimer's disease is critical for understanding the disease and for developing effective therapeutics.
Animal models
Animal models, particularly transgenic mouse lines, have proved to be invaluable for understanding the biological processes behind human diseases.
Their diversity and the development of new experimental manipulations, such as in vivo imaging and advanced behavioral characterization, have led to an improvement in their applications.
Mouse models of ASD, with deficits in up to three core behavioral domains, have begun to approximate ASDs in newly developed behavioral tasks, such as social approach, ultrasonic vocalizations and measurements of repetitive motor behaviors 79 . Surprisingly, however, very little is known about spine morphology in ASD animal models. NLGN3-R451C transgenic mice display impaired social interaction behavior, but show enhanced performance in the Morris water maze, as well as enhanced inhibitory synaptic strength 80 . In contrast, independently generated NLGN3-R451C transgenic mice were observed to have delayed developmental phenotypes, such as decreased ultrasonic vocalizations and slower righting reflexes, but no changes were seen in social interaction or spatial learning as measured by Morris water maze 81 . As suggested by the authors 81 , discrepancies between experimental designs of the adult social approach tests, statistical analyses and genetic background of the two mouse models may be the source of these contradictory results. Notably, the synaptic structural differences that might underlie these phenotypes, such as whether a compensatory increase in excitatory synapse number occurs in these mice, have not been explored in either of these transgenic models. NLGN4 −/− knockout mice exhibit social interaction deficits and reduced ultrasonic vocalizations in response to a novel female 82 , but, again, dendritic spine morphology has not been analyzed in this model. Further work is necessary to determine the dendritic spine phenotypes of these animal models and to correlate them with human pathological findings, potentially from individuals with the analogous genetic variant.
Rett, fragile X and Angelman syndromes, which exhibit comorbidity with ASDs, are associated with well-established mouse models and share synaptic pathology. Rett syndrome can be effectively modeled using mice deficient in MeCP2, which exhibit decreases in the number of functional, excitatory synapses in these mice 83 , mirroring synapse loss seen in humans. Modeling fragile X syndrome using Fmr1 knockout mice has recapitulated the immature spine morphologies observed in the brains of humans with fragile X syndrome 84 . The Angelman syndrome mouse, which lacks the maternal UBE3A gene, displays motor deficits, impaired context-dependent learning, impaired plasticity and altered spine density on hippocampal and cortical pyramidal neurons 45, 85 . Notably, pharmacological and genetic manipulations have successfully rescued both structural and behavioral phenotypes in PTEN 86 , FMR1 (ref. 87) and MECP2 (ref. 88) knockout mice. That behavioral recovery in each of these rescue strategies was paralleled by reversal of spine pathologies underscores the importance of these structural perturbations in the pathogenesis of ASDs and comorbid disorders and the potential for the use of animal models in the development of therapeutics.
Support for the contribution of spine loss to schizophrenia comes from animal models that are able to model schizophrenia-related behavioral phenotypes as well as model the forebrain spine loss in the disease. Animal models are used to determine whether genetic abnormalities found in schizophrenia are able to produce both forebrain spine loss as well as salient behavioral phenotypes (the gene-driven model) or if mice exhibiting schizophrenia-related phenotypes show spine loss (the phenotype-driven model). We will focus on gene-driven approaches.
Behaviors that have been deemed relevant for schizophrenia are plentiful, but not without controversy. Nevertheless, a few behavior assays are among the standard requisite for animal modeling and include sensory-motor gating (usually measured by pre-pulse inhibition), locomotor activity assessments, sociability and cognitive deficits (usually working memory). r e v i e w
Mice deficient in NRG1 type III show reductions in spine density in hippocampal neurons 89 . Mice lacking erbB2 and erbB4 in the CNS show reduced spine density in both the hippocampus and cortex 48 . In both of these mouse lines, spine morphological deficits co-occur with schizophrenia-related behavioral phenotypes. NRG1 and ERBB4 mutant mice show several schizophrenia-relevant behavioral phenotypes, of which locomotor hyperactivity has been a consistent phenotype and can often be rescued through an acute dosage of the antipsychotic clozapine 47 .
The effects of DISC1 mutations in mice on spine density reflect brain region and developmentally influenced effects. Namely, spine numbers in dentate gyrus granule cells are reduced in a mouse model of disease-associated chromosomal translocation 90 . Spine density in cortical pyramidal neurons was increased by prenatal expression of mutant DISC1, whereas combined prenatal and postnatal expression increased spine density in hippocampal granule cells 91 .
Because of kalirin's important synaptic functions, its interactions with DISC1 and its reduced expression in schizophrenia, recent studies have examined how kalirin loss affects spines and behavior. Notably, Kalrn −/− mice show severe reductions in spine density and dendrite complexity in the frontal cortex, as well as schizophreniarelated impairments in working memory, sociability and prepulse inhibition 92, 93 . Both spine loss and behavioral dysfunction emerged during adolescence 92 . This is interesting given the onset of schizophrenia symptoms in adolescence in humans and points to a tight association between the onset of spine loss and the onset of behavioral impairments in these animals. These findings highlight the need to chart the trajectory of spine structural and behavioral phenotypes across the presymptomatic and symptomatic stages of the disease.
Mice modeling the 22q11.2 microdeletion syndrome (Df(16)A +/− ) show reduced hippocampal spine density and sizes 51 . Mice deficient in individual genes in this region (ZDHHC8 and DGCR8) show simplified dendritic trees and reduced spine density 51 or smaller spines 50 , respectively. Moreover, mice with a hemizygous chromosomal deficiency modeling the human 22q11.2 microdeletion syndrome have schizophrenia-related behavioral phenotypes, including impaired working memory, hyperactivity, deficient sensory-motor gating and impaired fear learning 50 .
Alzheimer's disease can result from highly penetrant genetic mutations that faithfully give rise to the pathological hallmarks of the disease. Using the genetic factors identified in the human population, numerous transgenic mouse models of Alzheimer's disease have been generated (reviewed in ref. 94) . Given that memory loss is a defining characteristic of Alzheimer's disease, mouse models are often assessed for behavioral deficits, especially in reference memory and working memory. In addition to cognitive deficits, animal models of Alzheimer's disease often display dendritic and synaptic perturbations, similar to findings in human studies. The widely used Tg2576 mouse model expresses mutant human APP and displays decreased spine density in the CA1 and dentate gyrus, well before the development of amyloid plaques, further evidence that soluble Aβ oligomers initiate at least some Alzheimer's disease-related pathology 68, 95 . Notably, cognitive impairments arise in these mice at the time when spines become depleted, suggesting that synapse loss can drive cognitive decline. Mice expressing mutations in both APP and PS1 yield neurons with diminished frequency of large spines and dendritic abnormalities 96 . Specifically, dendrites near amyloid deposits are reported to experience shaft atrophy, neurite breakage and greater reductions in spine density 97 . Such Alzheimer's disease animal models support the concept that synaptic degeneration represents a principal component of Alzheimer's disease pathology that leads to memory impairment.
However, at least some evidence suggests structural and functional alterations may be reversible pharmacologically, opening new therapeutic directions in Alzheimer's disease 98 .
Animal models can provide valuable tools for establishing cause/ effect relationships between genetic mutations, cellular alterations and specific disease endophenotypes, as well as tools for drug development. However, in modeling complex diseases, such as ASD, schizophrenia and Alzheimer's disease, mouse models with a single transgene may fall short of the entire presentation of the disease as seen in humans. Whether the pitfalls of mouse models lie in the inherent differences in mouse and human behavior or in the need for multiple and perhaps subtle interactions between many genetic and environmental insults in one individual, insight gleaned from mouse models of complex disorders must be placed in the context of, and used as a reference for, the pathologies observed in affected humans.
Conclusions and future directions
Spine changes in disease have implications for both functional changes at the synapse and circuit-level connectivity, in the form of altered connectivity or changes in connection strength. As ASD seems to be associated with local hyperconnectivity and long-range hypoconnectivity, whereas schizophrenia is associated with reduced shortand long-range connectivity, it would be of interest to determine the effects of disease genes and mutations on the growth and maintenance of dendrites and axons to address changes in circuit organization in these disease states. Although measuring functional synaptic abnormalities in humans remains a daunting task, some insight into the functional aspects of these disorders is being gleaned. For example, the coincidence of epilepsy with ASD in a large percentage of individuals with ASD 99 may be an expression of the excitatory/inhibitory synaptic imbalance observed in several ASD mouse models. Similarly, individuals with Alzheimer's disease experience increased incidence of seizures compared with non-demented controls, suggesting that Alzheimer's disease pathology may be involved in destabilizing broad neuronal networks 100 . Future functional studies in humans may help to guide basic research into structural changes in disease.
Changes in spine number or morphology may be the original insult that initiates symptom cascade, the secondary effects of neuronal changes or a compensatory response. Support for the idea that spine loss is an initial insult comes from model mice, such as Tg2576, and from genetic studies that directly implicate synaptic proteins in etiology. Spine alterations may be relevant no matter where in the pathological cascade of a disease they occur. Understanding where and when in the disease progression spine alterations occur, by carefully characterizing the time course of spine alterations and their relationships with other endophenotypes in affected individuals and animal models, may allow for the identification of new windows of opportunities for therapeutic intervention. Rescuing downstream pathophysiological changes that are closer to the clinical syndrome may provide effective treatments, even without addressing the underlying etiology.
Dendritic spines may serve as a common substrate for many neuropsychiatric disorders, particularly those that involve cognitive deficits. However, as spine modifications are associated with cognitive function, spine deficits may be more relevant for some cognitive symptoms or endophenotypes than others (for example, in schizophrenia, working memory deficits, but not hallucinations). Given the heterogeneity of these complex disorders, some individuals may exhibit more marked spine phenotypes, particularly those with more severe cognitive deficits. Further studies of human neuropathologies should strive to understand the degree of correlation between severity of cognitive deficits and dendritic spine dysmorphogenesis.
r e v i e w
The inherent genetic heterogeneity of these disorders highlights the importance of determining common pathways of diseaseassociated genes. The molecular networks that control spines provide a framework for understanding how a large number of rare genetic perturbations can interact to disrupt synaptic function, neuronal circuit organization and behavioral output in a disease-specific manner. Thus, investigating the pathway can uncover future candidate genes and identify the best molecular candidates for therapeutic targeting. Indeed, many of the proteins in these pathways are enzymes that could be targeted with designer small molecules and drugs that target trophic and morphogenic signaling pathways may prove to be more effective, as they could alter cellular connectivity and induce fewer side effects. New drugs may be designed to prevent the emergence of symptoms in genetically susceptible individuals, delay the progression of symptoms in the early stages of the disease, or mitigate symptoms or promote functional recovery after the disease is fully manifested. Specifically, drugs that target dendritic spine regulation might aim to promote spine maturation and restore spine stability in ASD, to fortify existing synapses and restore spine plasticity in schizophrenia, or to prevent synapse loss in Alzheimer's disease.
